Background and Purpose-Global warming has attracted worldwide attention. Numerous studies have indicated that stroke is associated with temperature; however, few studies are available on the projections of the burden of stroke attributable to future climate change. We aimed to investigate the future trends of stroke years of life lost (YLL) associated with global warming. Methods-We collected death records to examine YLL in Tianjin, China, from 2006 to 2011. We fitted a standard time-series Poisson regression model after controlling for trends, day of the week, relative humidity, and air pollution. We estimated temperature-YLL associations with a distributed lag nonlinear model. These models were then applied to the local climate projections to estimate temperature-related YLL in the 2050s and 2070s. We projected temperature-related YLL from stroke in Tianjin under 19 global-scale climate models and 3 different greenhouse gas emission scenarios. Results-The results showed a slight decrease in YLL with percent decreases of 0.85%, 0.97%, and 1.02% in the 2050s and 0.94%, 1.02%, and 0.91% in the 2070s for the 3 scenarios, respectively. The increases in heat-related annual YLL and the decreases in cold-related YLL under the high emission scenario were the strongest. The monthly analysis showed that the most significant increase occurred in the summer months, particularly in August, with percent changes >150% in the 2050s and up to 300% in the 2070s. Conclusions-Future changes in climate are likely to lead to an increase in heat-related YLL, and this increase will not be offset by adaptation under both medium emission and high emission scenarios. Health protections from hot weather will become increasingly necessary, and measures to reduce cold effects will also remain important. (Stroke. 2018;49:828-834.
T he average global temperature has increased by 0.6°C during the 20th century since 1861, and a warming of ≈0.2°C per decade is projected for the next few decades based on a range of the Special Report on Emission Scenarios. 1 Thus, exposure to extreme temperatures has become a growing public health concern because of climate change. 2, 3 Epidemiological studies show that many countries worldwide already experience appreciable burdens of heat-related and cold-related deaths from current climate patterns. 4 Recent updates of summer heat-related mortality have increased the initial estimates to 70 000 excess deaths. 5 Future changes in the climate system will likely alter such risks. In 2015, world leaders adopted the 2030 agenda for sustainable development and its 17 sustainable development goals, including climate change. In 2016, the Paris agreement on climate change entered into force to limit the increase of global temperature. Thus, understanding the effects of global climate change from both environmental and human health perspectives is necessary.
Stroke is a major global health issue. Worldwide, stroke was the second-leading cause of death and third-leading cause of disability from 2000 to 2015 (Owolabi et al 6 ). Over the past 4 decades, the stroke incidence has more than doubled in lowand middle-income countries. In China, the largest developing country in the world, stroke has become the leading cause of adult death and disability, with ≈1.6 million stroke deaths per year or 157 stroke deaths per 100 000 deaths. 7 Several epidemiological studies have estimated temperature effects on stroke using time-series analysis methods, such as generalized linear models, 8 Poisson regressions, 9 or distributed lag nonlinear models. 8, 10 These studies have consistently demonstrated that the stroke burdens, such as mortality or admissions, increased both on hot-and cold-temperature days. 8, 10 A growing number of studies have focused on the effects of climate change on future temperature-related mortality.
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Most of these studies were focused on total mortality [12] [13] [14] or specific systems, such as cardiovascular and respiratory disease. 15 In a study comprising 451 locations in 231 countries across 9 regions of the world, Gasparrini et al 16 found that the negative health impacts of global warming, under the high emission scenario, would disproportionately affect warmer and poorer regions of the world. Few studies have projected the temperature-related stroke burden. Thus, there is an urgent need to assess the future temperature-related burden of stroke.
Previous studies have used mortality as the main health outcome to examine temperature-health associations, which might fail to consider the influence of the age at which deaths occur. 17 Years of life lost (YLL), another important indicator of disease burden, is more accurate because it can take both premature death and life expectancy at death into consideration. 17, 18 Some studies have examined the associations between temperature and YLL and have identified nonlinear U-or J-shaped relationships. 19, 20 Delayed effects have also been associated with temperature, particularly for cold temperatures. 18 To date, few studies have used YLL as a health end point to project the future health effects of temperature. As a first effort, Huang et al 19 projected future temperature-related YLL for nonexternal causes, with 1°C to 4°C temperature increases in Brisbane, Australia. However, projected data for temperature-associated YLL from stroke under future climate changes are not available. 19 There is some evidence suggesting that the relationship between temperature and mortality may change in the future because the population may partially acclimatize and adapt to higher temperatures. 21, 22 Factors, such as improvements in prevention and healthcare systems, healthier diets, or better acclimatization and insulation of buildings, are suggested to have already induced a reduction in mortality in some local areas. [23] [24] [25] [26] One study of US cities reported that an assumption of future adaptations, based on using analogue cities, reduced temperature-related deaths by 20% to 25% compared with no future adaptation. 27 However, most previous studies make projections of temperature-related mortality in the absence of adaptation because of the general lack of knowledge about future adaptation scenarios. If we ignore these adaptation phenomena in the modeling, it would likely to lead to an overestimation/underestimation of both heat-related increases and cold-related decreases in future climates, with uncertain net effects. Thus, there is an urgent need for mitigation strategies along with adaptation plans to tackle the problem of climate change.
In this study, we aimed to project temperature-related YLL of a specific disease, stroke, in 2 future 30-year periods (the 2050s and the 2070s) in Tianjin, a temperate climate city with >10 million people in Asia.
Methods

Study Design
The study design was a retrospective regression analysis using daily time series in Tianjin, which is 1 of the 4 municipalities in China with >10 million inhabitants. Daily mortality data on stroke from January 1st, 2006, to December 31st, 2011, were obtained from the Chinese Centers for Disease Control and Prevention and were aggregated to create a time series of the daily number of deaths. Stroke was defined according to the International Classification of Diseases, Tenth Revision: I60-I69. Daily meteorologic data, including the daily maximum temperature and relative humidity, were obtained from the local Meteorological Bureau. The daily average concentrations of air pollutants (particulate matter with particle size below 10 μm aerodynamic diameters) from the city were obtained from the local Environmental Monitoring Center. The YLL calculation is described in the online-only Data Supplement. 17 Then, we established the exposure-response relationships between observed YLL and temperatures and calculated the future risk assessment in combination with future temperature projections. In accordance with the policy of Peking University Institutional Review Board, the protocol of this study is not an investigation involving human beings. Therefore, the study is not required to be reviewed by Peking University Institutional Review Board. The data that support the findings of this study are available from the corresponding author on reasonable request.
Temperature Projections
The representative concentration pathways (RCPs) used in this analysis were 3 greenhouse gas concentration trajectories adopted by the Intergovernmental Panel on Climate Change for its fifth assessment report in 2014. 28 The 3 scenarios were as follows: mild emission (RCP2.6), medium emission (RCP4.5), and high emission (RCP8.5); these scenarios describe 3 possible climate futures from mild to extreme (Figure Ⅰ in the online-only Data Supplement). 
Statistical Analysis
Exposure-Response Function Building
A standard time-series regression was applied to derive estimates of temperature-YLL associations. Briefly, this regression included a natural cubic spline of time with 7 degrees of freedom per year to control for seasonal and long-term trends, day of the week, and relative humidity. To effectively measure the lagging effect of temperature, a distributed lag nonlinear model was adopted. 30 Specifically, we used a natural cubic B-spline basis with 5 degrees of freedom for temperature and a maximum lag of 12 days between temperature and YLL with 5 degrees of freedom. To verify the adequacy of the models, we checked the residual distribution.
Projection of Future TemperatureRelated Stroke YLL
We estimated the projected YLL for 2050 and 2070 and under each RCP. Specifically, we used the exposure-response function in combination with future temperature to calculate the YLL attributable to temperature. For the temperature, which was higher than the maximum value of the daily maximum temperature between 2006 and 2011, we estimated the corresponding YLL based on the nonlinear relationship between temperature and YLL.
We proposed a conceptual framework showing that the risks of high temperature will decrease. 31 We used the combination of absolute threshold shift with reduction in the slope of the warm transfer function.
We further partitioned these results into the change in the heatrelated YLL (ie, YLL because of temperatures above the optimal temperature [OT] ) and the change in the cold-related YLL (ie, YLL because of temperatures below the OT).
In this analysis, we used generalized linear models and distributed lag nonlinear models to explore the effects of temperature (dlnm package in R version 3.3.3). The significance level was set to P<0.05 for all analyses. 
Results
Descriptive Statistics of Deaths, YLL, and Temperature Data
Exposure-Response Relationships
The exposure-response curves relating daily YLL from stroke with daily maximum temperature are shown in the upper part of Figure 1 . The bottom part of Figure 1 shows the delayed effects of cold and hot temperatures on YLL. Cold was generally associated with longer-lasting risk than heat, ≈10 days after exposure. The greatest effect of heat occurred on the day of exposure, after which it decreased rapidly and returned to baseline levels at lag1 day. To avoid an overestimation of the effects of hot and cold temperatures, we selected the cumulative effects of lag0-lag1 and lag0-lag10 for hot temperatures and cold temperatures in our main analysis, respectively. Figure 2 shows the annual YLL projections in the 2050s and 2070s. Generally, heat-related YLL were projected to show increasing trends, whereas cold-related YLL were projected to show decreasing trends. And the average total temperaturerelated YLL were lower relative to the baseline year under the 3 RCPs. Figure 3 shows the projected proportion of stroke YLL because of nonoptimal temperatures under the 3 RCPs. Cold temperatures were responsible for most of the death burden (12.4% in the baseline period), whereas the proportion attributable to hot temperatures was much smaller (1.0% in the baseline period). However, the heat effects increased significantly from the baseline year to 2070 (from 1.0% to 3.9% PM 10 indicates particulate matter with particle size below 10 μm aerodynamic diameters; RCPs, representative concentration pathways (RCP2.6, the mild emission scenario; RCP4.5, the medium emission scenario; RCP8.5, the high emission scenario); RH, daily relative humidity; Tmax, daily maximum temperature; and YLL, years of life lost. under the high emission scenario), with an opposite trend for cold effects (from 12.4% to 8.5% under the high emission scenario). Figure 4 shows the projections of the monthly levels of total temperature-related YLL. Large percent increases of YLL for stroke occurred in the summer months (June to August). Among the 12 months, the most significant increase occurred in August, with percent changes above 156.9% in the 2050s and even 296.0% in the 2070s (Table Ⅱ in the onlineonly Data Supplement). Notably, there were significant relative increases in May (82.4% in the 2070s) and September (120.7% in the 2070s) under the high emission scenario.
Projections of Temperature-Related YLL
Scenarios of Adaptation to Future Global Warming
We built one conceptual model by shifting the OT by 1.0°C and 1.2°C in 2050 and 2070 ( Figure 5C ), respectively, and the warm transfer function was reduced under climate change by up to 25%. Here, Figure 5A and 5B refer to the effects when considering warm adaptation. We found that with the increase of adaptation (R), heat-related YLL gradually decreased, that is, 20% and 8% adaptation was necessary under the mild emission scenario in 2050 and 2070, respectively. The adaptation could not cover the heat-related adverse effects <25% adaptation under both the medium and high emission scenarios.
Discussion
This study provides quantitative estimates of future temperature-related YLL because of stroke in Tianjin in the 2050s and 2070s. The projections were conducted under different climate change scenarios. This is the first study in China to explore the future temperature-related stroke YLL.
Our study found large increases in heat-related stroke YLL and slight decreases in cold-related stroke YLL. Projections from other areas that focused on all-cause mortality showed similar trends. 27, 32, 33 Heat-related mortality in Los Angeles by the 2090s was projected to increase by 2× to 3× under the lowest emissions scenario and by 5× to 7× under the highest emissions scenario relative to 1961 to 1990. 32 Cheng et al 33 projected that heat-related mortality in 4 Canadian cities would more than double by the 2050s and triple by the 2080s and that cold-related mortality could decrease by 45% to 60% by the 2050s and by 60% to 70% by the 2080s. A previous assessment in northern China showed an increase of 48% to 74% by the 2050s and 69% to 134% by the 2080s in annual heat-related 
Stroke
April 2018
deaths of cardiovascular diseases. 15 Although there are some differences between the results of these projections and ours because of variations of diseases, emission scenarios, climate models, study period, locations, and other projecting conditions, we still observed a similar trend of increasing disease burden caused by rising temperatures in the future.
We also found that under current climate patterns, most stroke YLL were attributable to cold, and similar patterns were projected for the 2050s and 2070s. This finding is consistent with those from the study on the temperature-related burden of stroke mortality in 16 large Chinese cities, 10 in which stroke deaths in Tianjin attributable to total nonoptimal temperatures accounted for 13.0% (95% confidence interval: 6.6%-18.8%) of all deaths. This finding is in line with that of a study in Europe showing that after 2055, the rise in heat-related mortality began to completely compensate for the reduction of deaths from cold. 34 These findings suggest that in the context of climate change and global warming, more attention and public resources should be allocated toward avoiding the rising heat-related burdens of stroke.
Our study investigated monthly analyses to examine changes in temperature-related YLL by calendar month. Large percent increases in YLL because of stroke occurred in the summer. This finding is consistent with those of a previous study, which noted that large percent increases in all-cause mortality were found from May to September. 13 In addition, the beginning and end of the summer, May and September, are called shoulder months in Li et al's 13 study and should be given more attention. These findings suggest that the public health sector should create adaptation planning strategies for the high heat risk months.
The degree of adaptation of societies to warmer climate conditions is an issue subject to major uncertainty, 35 and this general lack of knowledge is resolved by exploring the entire range of scenarios providing hypothetical acclimatization pace levels. Some studies have illustrated that model outcomes are not only highly dependent on climate scenarios but also on adaptation assumptions. Hence, a plausible adaptation scenario is required to advance future integrated health impact assessments. 36 McMichael et al 35 proposed a conceptual framework with decreased mortality rates attributed to the warm tail. As temperatures rise, warm days will become more frequent, and society might therefore (spontaneously or not) adapt, to some extent, to the new environmental conditions in the summer. 37 In this study, we selected one model that was recommended by Gosling: combining the absolute threshold shift with the reduction in the slope of the warm exposure-response function. 31 This model could balance the uncertainty among adaptation models, climate models, and emissions.
Our results showed climate change may not necessarily cause substantial increases in temperature-related health outcomes. However, this evidence could not undermine the importance of combating climate change proposed by the United Nations' 2030 agenda for sustainable development about climate change. One study showed that climate change has the potential to produce a substantial increase in temperature-related mortality in most regions although some temperate areas, such as northern Europe, East Asia, and Australia, were characterized by the opposite change. 16 This finding indicates that different adaptation and mitigation strategies should be implemented around the world. Some limitations of this study deserve mention. First, our study assumed that the population will remain constant in the future. The proportion of elderly, vulnerable people who are most susceptible to heat-related deaths is likely to increase in future decades; thus, our study might underestimate the effects of temperature on stroke under future climate change. Second, preexisting frailty may, in part, explain human vulnerability to extreme temperatures. Those who died because of temperature effects may be the most vulnerable members in the population, and their life expectancy at death may be shorter than that of other people of the same age, indicating that we may have overestimated the temperature-related YLL. Third, the projected results were affected by the adaptation method. Because some studies showed that OT increased over time, projections should also consider other factors affecting acclimation, such as demographic, societal, and behavioral changes. 38 More studies are necessary on the evolution of the OT change model.
Conclusions
In conclusion, Tianjin experiences a substantial annual YLL burden associated with current weather patterns, with the current fraction of deaths attributable to cold exposure being much larger than that because of heat. Based on a range of models and scenarios of future greenhouse gas emissions, future changes in climate are likely to lead to an increase in heat-related YLL. Health protections from hot weather are becoming necessary, and measures to reduce cold effects also remain important.
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None. Figure 5 . A, Projected years of life lost (YLL) against future warm adaptations under the 3 representative concentration pathways (RCPs; RCP2.6, the mild emission scenario; RCP4.5, the medium emission scenario; and RCP8.5, the high emission scenario) in 2050. The percent adaptation necessary to offset the projected years of life lost occurs where the slopes cross the horizontal dotted line. The vertical red solid line stands for the 25% adaptation assumed in our study. B, Projected YLL against future warm adaptations under the 3 RCPs (RCP2.6, the mild emission scenario; RCP4.5, the medium emission scenario; and RCP8.5, the high emission scenario) in 2070. The percent adaptation necessary to offset the projected years of life lost occurs where the slopes cross the horizontal dotted line. The vertical red solid line stands for the 25% adaptation assumed in our study. C, Projections of YLL according to scenarios of adaptations to warm temperature. The blue curve indicates percent reductions in the effects of warm temperatures because of future adaptation by E*R in the temperature space (0<R≤0.5), in which E represents the effects of warm temperature. OTc represents optimal temperature (OT) increase, and we assume that the OT increases by 1.0°C and 1.2°C in 2050 and 2070, respectively.
